While sleep disturbances are frequent in renal disease patients, no studies have examined prospectively the associations between sleep disturbances and kidney function decline in community dwelling elderly subjects. Glomerular filtration rates (eGFRs) were estimated at baseline and at 11-year follow-up. A glomerular filtration decline over the follow-up was defined as a percentage decline greater than or equal to the cut-off value of the highest tertile of kidney function decline (22%) in 1105 subjects. Excessive daytime sleepiness (EDS), insomnia complaints were self-rated at baseline. Restless legs syndrome (RLS) and its age at onset were assessed at study endpoint. Ambulatory polysomnography recording was performed during the follow-up in 277 subjects. Apnea-hypopnea index (AHI), periodic leg movements during sleep (PLMS) and total sleep time (TST) were analyzed. An increased risk of eGFR decline was associated with EDS (OR=1.67 95%CI=1.18-2.34) and RLS (OR=1.98 95%CI=1.18-3.30) independently of potential confounders including cardiovascular risk factors. Among insomnia complaints, a borderline association with eGFR decline was found for early morning awakening only. High AHI (≥30/hour), short TST (<6 hours) but not PLMS were linked to eGFR decline in crude associations, but only AHI remained significantly associated after multi-adjustments. EDS, RLS and AHI constitute independent risk factors for kidney glomerular function decline.
INTRODUCTION
Sleep disturbances and chronic kidney disease (CKD) are often comorbid and are both common conditions in the elderly. Their prevalence increases with age [1, 2] . Sleep disturbances such as insomnia, sleep apnea syndrome (SAS), restless legs syndrome (RLS) and excessive daytime sleepiness (EDS) are very common in patients with early or late endstage renal disease [3, 4] . However, it remains unclear as to whether the associations between sleep disorders and CKD are unidirectional or bidirectional.
Few longitudinal studies on sleep disorders and renal function have been conducted in clinical populations only. One study reported that patients with various degrees of chronic renal failure had progressively worse sleep quality over a three-year follow-up [5] . Conversely, another study reported that patients newly diagnosed with CKD improved their sleep quality over a four-year period [6] . These inconstancies could be attributed to differences in design, sample size, clinical setting, and heterogeneity in CKD stages. The impact of sleep disorders on the development and progression of cardiovascular disease, hypertension, diabetes, and obesity has been previously observed [7, 8] , all factors being associated with decline in glomerular filtration rate [9] . It has been suggested that sleep fragmentation due to periodic limb movements (PLMS), respiratory events, and pain may induce a renin-angiotensinaldosterone system hyperactivation, an autonomic nervous system dysregulation, and consequently increases in blood pressure in turn increasing risk for CKD progression. High rates of insomnia and EDS complaints in the CKD population may also contribute to the burden of cardiovascular disease in this at-risk population, as already reported in the general population [10, 11] .
In view of these conflicting results, further prospective studies are required to better understand the directionality of these associations, notably to determine whether sleep disturbances aggravate CKD or if CKD increases the severity of sleep problems per se. So far, no studies have assessed prospectively whether sleep disturbances alter kidney function in the general elderly population. We thus proposed to assess, over an 11-year follow-up, the relationships between insomnia complaints, EDS, SAS, RLS and glomerular filtration decline in community dwelling elderly people, taking into account confounding factors comorbid with renal alteration.
METHODS

Study population
Participants were recruited as part of the Three-City Study, an ongoing multi-site longitudinal study involving three French cities: Bordeaux, Dijon and Montpellier. Briefly, noninstitutionalized participants aged ≥65 years were randomly selected from electoral rolls between 1999 and 2001. The study protocol was approved by the ethical committee of the University Hospital of Kremlin-Bicêtre and CPP Sud Méditérannée III, and written informed consent was obtained from each participant. The participants were administered standardized questionnaires and underwent clinical examinations at baseline and at two, four, eight and 11year follow-up. Serum creatinine measurement was performed at baseline and at 11-year follow-up in both Montpellier and Bordeaux centers only.
Assessment of change in glomerular filtration rate (GFR)
Serum creatinine was measured in a single laboratory using the colometric Jaffé method at both times. To standardize creatinine values, 1720 frozen serum baseline samples from all three centers [12] and 301 from the Montpellier center at endpoint were remeasured using an Isotope Dilution Mass Spectrometry (IDMS) traceable enzymatic assay (Roche assay) [13] . Equations were developed at both times to standardize the results obtained from the Jaffé assay to enzymatic measurements. GFR expressed as mL/min/1.73m 2 was estimated (eGFR) using the CKD-EPI formula without correction for ethnicity (not available in the 3C study and not recommended in France by Haute Autorité de Santé) [14] . At baseline, eGFR categories were defined according to the National Kidney Foundation guidelines [15] as 1) stages 1-2: normal to mild decrease, eGFR≥60 2) stage 3: moderate alteration, eGFR between 30 and 59 and 3) stage 4 or higher: severe alteration, eGFR<30mL/min/1.73m 2 . Percentage change in eGFR over time was calculated as: (baseline eGFR-11-year eGFR)/(baseline eGFR)x100. A significant eGFR decline ≥22% (highest tertile of eGFR change) was used to study kidney function decline in our cohort.
Sleep assessment
Sleep complaints were assessed at baseline as part of a clinical interview carried out by a psychologist or nurse, followed by the self-completion of a sleep questionnaire. The participants were invited to answer "never, rarely, frequently, or often" to the following questions: "Do you feel very sleepy during the day?" (EDS), "Do you have any difficulty in falling asleep?" (difficulty in initiating sleep: DIS), "Do you wake up during the night?" (difficulty in maintaining sleep: DMS), "Do you often wake up early in the morning without being able to go back to sleep?" (early morning awakening: EMA), "Do you snore loudly?"
In the analyses, EDS was defined as reporting frequently/often being excessively sleepy. Insomnia complaints based on DIS, DMS, and EMA were also dichotomized as frequently/often versus never/rarely and summed to obtain the number of insomnia complaints (range 0-3). The risk of a "potential" SAS was defined as being obese (body mass index (BMI)>30 kg/m 2 ) with frequent/often loud snoring and EDS.
RLS was assessed at study endpoint using the four questions designed to address the minimal diagnostic criteria of the International RLS Group [16] . Diagnosis of RLS was based on the four positive answers, with a further question asked on age at RLS onset. We excluded for this analysis 29 participants with Parkinson's disease or treated with dopaminergic therapy.
Among the participants with creatinine measured at both evaluations, 277 (all from the Montpellier center) underwent, on a voluntary basis, an ambulatory polysomnography (PSG) recording during the follow-up [median at 9.70 years (range, 4.80-12.20)]. No selection was done on sleep complaints and renal function. PSG recordings took place in the subjects' home environment using the Deltamed (Natus) coherence system that include five electroencephalography leads, right and left electro-oculograms, electromyography of chin and tibialis anterior muscles, electrocardiogram, nasal cannula/pressure transducer, mouth thermistor, chest and abdominal bands, body position and pulse oximeter. Sleep stage, microarousals, periodic limb movements (PLM) and respiratory events were scored manually according to standard criteria [17] . Obstructive apnea was defined as a complete airflow cessation for more than 10 seconds associated with thoracoabdominal movements, and hypopnea as airflow reduction of more than 50% associated with a drop in SpO2 (blood oxygen saturation measured using a pulse oximeter) of more than 3% or a micro-arousal. The average number of apneas/hypopneas per hour of sleep (apnea-hypopnea index (AHI)) was calculated. In the present study, only AHI and its related O 2 saturation parameters (i.e. mean and minimum O 2 saturation, and percentage of time<90%), PLMS and total sleep time (TST) were taken into account with TST<6 hours, AHI≥30/hour and PLMS≥15/hour being considered as pathological conditions.
Assessment of covariates
The standardized interview at baseline included questions on socio-demographic characteristics, alcohol consumption, caffeine intake and smoking status, health status and medication use. Case-level depressive symptoms were defined as a score≥16 on the Center for Epidemiological Studies-Depression Scale [18] , or taking current antidepressant treatment. Cognitive impairment was defined as a score<26 on the Mini-Mental State Examination [19] . Disability was assessed by the Instrumental Activities of Daily Living scale (IADL) [20] . Anthropometric measurements including height and weight were performed during the clinical examination to calculate BMI defined as weight (kg) divided by height squared (m 2 ). Hypertension was defined by measured systolic blood pressure≥160 mmHg or diastolic blood pressure≥95 mmHg or current antihypertensive treatment. Diabetes was defined as fasting glucose level≥7.0 mmol/L or treatment for diabetes, and hypercholesterolemia as total cholesterol level≥6.2 mmol/L or treatment with lipid-lowering agents. History of respiratory and cardio-cerebrovascular diseases (angina pectoris, myocardial infarction, cardiovascular surgery, arteritis, and stroke) was investigated. Drugs were coded according to the World Health Organization's Anatomical Therapeutic Chemical Classification [21] . Hypnotics were classified as benzodiazepine (BZD), BZD-like compounds (zolpidem, zopiclone), and miscellaneous medications (including barbiturates, antihistamines, and other pharmacological categories such as neuroleptics) [22] .
Statistical analyses
Logistic regression models were used to compare the characteristics of participants according to the eGFR categories (<60 vs ≥60 mL/min/1.73/m 2 ) at baseline after adjustment for study center, age and gender. To analyze the associations of eGFR decline (≥22% vs <22%) with sleep disturbances, logistic regression models were used to estimate odds ratios (OR) and their 95% confidence intervals (CI). Multivariate models included study center and covariates associated with eGFR decline at p<0.15. Where appropriate, the interaction terms were tested using the Wald- 2 test. Secondary analyses were implemented in a subsample of subjects free of CKD (i.e. eGFR≥60 mL/min/1.73m 2 ) at baseline, and in those with ambulatory PSG, to assess the impact of AHI, PLMs and TST on eGFR decline. Significance level was set at p<0.05. Analyses were performed using SAS-version 9.4 (SAS Inc, Cary, NC, USA).
RESULTS
Subject characteristics
The final sample included 1105 participants from Bordeaux (n=438) and Montpellier (n=667) with a median baseline age of 70.9 years (range, 65.0-87.8) of whom 57.9% were women. As detailed in the flow-chart diagram (Figure 1 ), these subjects were free of dementia, had fully completed the sleep questionnaire, with eGFRs evaluated at baseline and 11-year follow-up, and without missing data in baseline adjustment covariates. Participants excluded from the study had significantly a lower education level, were older, living alone with activity limitations, more cardio-vascular risk factors, chronic disease and sleep disturbances, taking more hypnotics and with a lower baseline eGFR. Median baseline eGFR was 81 mL/min/1.73m 2 (interquartile range, 72-88). Only 9.0% (n=74) had a baseline eGFR<60 including one participant<30. The participants with eGFR<60 differed significantly from those with an eGFR≥60 mL/min/1.73m 2 in being frequently with hypercholesterolemia and hypertension after adjustment for center, age and gender. No significant associations were found between eGFR levels and sleep disturbances ( Supplementary table) .
Association between sleep disturbances and eGFR decline over 11-year follow-up
The median delay between the collections of both biological samples was 11 years (range, 10.0-12.5). Over this period, 32.1% (n=355) had a moderate to severe eGFR decline including 18 participants with a severe eGFR. The median percentage of eGFR decline was 14% (interquartile range, 7-26) which corresponds to 1.32% per year (interquartile range, 0.59-2.32).
Baseline sociodemographic and clinical characteristics of participants according to kidney function decline are given in Table 1 . Participants with a decline ≥ 22% (i.e. highest tertile of kidney function decline) were more frequently men, older, overweight or obese, had diabetes mellitus and hypertension. They also tended to be past or current smoker and had a history of cardiovascular disease (p<0.10). Subsequent analyses were thus adjusted for these factors. Table 2 shows the associations of baseline sleep disturbances with eGFR decline during the follow-up. Whereas DIS, DMS and the number of insomnia complaints were not significantly associated with eGFR decline, a borderline association was observed for EMA after adjustment for potential confounders (model 2, OR=1.32 95%CI=0.99-1.75). The risk of eGFR decline increased with loud snoring (model 2, OR=1.37 95%CI=1.04-1.81), and clinically-defined apnea (model 2, OR=2.59 95%CI=1. 16-5.78 ). A positive association was also observed between EDS and eGFR decline even after multiple adjustments (model 2, OR=1.67 95%CI=1.18-2.34) and persists even after further adjustment for loud snoring and EMA (OR=1.58 95%CI=1.12-2.23 p=0.009). No significant interactions were found for eGFR decline between EDS and gender or age.
RLS also increased the risk of eGFR decline when its age at onset preceded study inclusion (model 2, OR=1.98 95%CI=1.18-3.30) even after adjustment for EDS (OR=1.90 95%CI=1.13-3.18 p=0.02). In contrast, no significant increased risk of eGFR decline was found when RLS was reported at endpoint only.
Sensitivity analyses
Supplementary analyses were performed 1) excluding the 74 participants with moderate to severe eGFR impairment (<60 mL/min/1.73m 2 ) at baseline 2) taking into account the new cerebro-cardiovascular events reported over the follow-up (n=71) and the results remained unchanged.
In the 277 participants having ambulatory PSG recording, only 9.3% had an index of AHI≥30/h and this was associated with loud snoring (p=0.007) but not with EDS (p=0.90) or BMI (p=0.22). A high AHI was also associated with an eGFR decline (OR=2.80 95%CI=1.21-6.44 p=0.02) and the results remained significant after adjustments for age, gender, BMI, smoking status, diabetes mellitus, hypertension, history of cardiovascular disease and EDS (OR=2.50 95%CI=1.01-6.20 p=0.04) (data not shown). No significant interaction was found between AHI and EDS for eGFR decline (p=0.99). Furthermore, no significant associations were found either for mean (p=0.34) and minimum O 2 saturation (p=0.16) or for percentage of time<90% (p=0.28). A short TST (<6 hours) was found in 50.4%, without any association with insomnia complaints. A short TST was associated with an eGFR decline (OR=1.75 95%CI=1.05-2.93 p=0.03), however the results became nonsignificant after multi-adjustments (p=0.08). An index of PLMS≥15/h found in 62.4% was associated with RLS at endpoint only (p=0.04) but not when already reported at study inclusion (p=0.10). Finally, no significant associations were found between PLMS and eGFR decline neither in crude (p=0.20) nor in adjusted association (p=0.40).
DISCUSSION
We examined associations between a large range of sleep disturbances and eGFR decline at 11-year follow-up in a general elderly population. Subjects with EDS had a 1.7-fold greater risk of having eGFR decline after adjustment for numerous potential confounders including baseline cardiovascular risk factors. RLS was also found associated with a twice higher risk of eGFR decline independently of EDS. At the exception of EMA which showed a borderline association, insomnia complaints were not related to eGFR decline. In a subsample, high AHI and shorter TST but not PLMS were linked to eGFR decline in crude associations but only AHI remained significant after adjustments.
Although associations between renal functioning and sleep have been previously observed [4] , to our knowledge no study has investigated the impact over time of sleep disturbances on eGFR decline in a general population sample. The few clinical studies which have examined the relationship between sleep quality and renal failure in CKD patients with early or endstage have produced conflicting results [5, 6] . The association between EDS and eGFR decline reported in our study was independent of cardiovascular diseases which failed to support the hypothesis mediating effect of cardiovascular diseases in the relationship between EDS and eGFR in the elderly. Several studies have suggested that cardiovascular and kidney diseases are closely linked through multiple interact effects including neuroendocrine perturbations, fluid dysregulation, inflammation and immune disturbances resulting in amplification loops defined as cardio-renal syndrome. In addition to cardiovascular diseases, diabetes, hypertension and obesity can participate also in the progression of CKD. We report here that EDS is associated with eGFR decline independently of vascular and metabolic risk factors. On the other hand, in previous analyses, we reported that EDS increased the risk of cardiovascular events both fatal and nonfatal, whether first events or recurrent over 6-year follow-up [11] . The underlying pathophysiological mechanism by which EDS interacts with eGFR decline thus appears to be complex and multifactorial.
Sleep disturbances were often associated with activations of hypothalamic-pituitary-adrenal axis and sympathetic nervous system, as well as chronic inflammation that may promote a non-dipping pattern, hypertension and subsequently alter renal function [8] . In our sample, the relationship between EDS and eGFR decline was neither modified by BMI nor by the presence of snoring; however the latter parameters were weaker predictors of SAS in the elderly than in middle aged adults [23] . In the subsample, no associations were found between AHI and EDS or BMI; however we reported an association between AHI and eGFR decline independently of EDS and cardiovascular risk factors without any impact of nocturnal hypoxia (i.e. no between-group difference for mean and minimum O 2 saturations). This notably differs from the direct nocturnal hypoxia effect already reported on the progression of CKD through a renin-angiotensin-aldosterone system hyperactivation [24, 25] . The link between EDS and eGFR decline may involve a shorter nocturnal sleep duration, a condition frequently associated with increased systemic low-grade inflammation that may trigger cardiovascular disease and subsequent CKD [26] . However the association loses its significant in multivariate model.
The proportion of subjects with RLS (8.3% at baseline) was in the range of previous reported studies in the elderly [27] , and it is known to increase with end-stage renal disease [28] . We found that eGFR decline was predicted by RLS at inclusion but not when present at study endpoint only, independently of cardio-vascular risk factors and EDS. These findings suggested that RLS could be an early risk factor for eGFR decline through the bias of an association with sleep fragmentation and periodic-related nighttime increased blood pressure [29] , conditions at risk for renal dysfunctioning. However, no associations were found between eGFR decline and PLMS. Except for a borderline association with EMA, other subtypes of insomnia complaints, and depressive symptoms were not significantly associated eGFR decline. Altogether these results supported our previous findings that insomnia complaints were not risk factors for cardiovascular diseases [11] , insomnia being more likely a consequence of these chronic diseases.
The present study benefits from several strengths including standardized creatinine measurements which reduced the bias in the estimate eGFR decline, a large sample size, an 11-year follow-up period of elderly subjects not pre-selected for kidney disease, and a large range of subjective and objective sleep measures.
The present study has some limitations. Selection bias concerned the recruitment of volunteers from electoral rolls and the exclusion of institutionalized elderly people, which limits the extent to which these findings can be generalized to all older adults. Selection bias concerned also the exclusion of subjects due to missing data, loss to follow-up and death. The excluded subjects were older, had more often chronic disorders, a lower baseline eGFR and were more likely to report sleep complaints and to take hypnotics. This progressive selection of the cohort may cause biases which lead to 1) an underreporting of sleep disorders prevalence and kidney failure incidence rate and 2) a modification (to a lesser extent) of the associations between sleeps complaints and eGFR decline.
Sleep complaints were self-reported using a short questionnaire already used [10, 11, 22] , which while lacking external confirmation, remains the most common method for initial diagnosis of sleep pathologies in the primary healthcare setting. Unfortunately, validated sleep measures such as the Epworth Sleepiness Scale which provides a measurement of the subject's general level of daytime sleepiness were not available for this study.
Due to the study design and population (large multicentric elderly cohort), it was not possible to perform PSG in laboratory for the whole sample and this was only possible in the center of Montpellier (one quarter of the sample) in an ambulatory way based on a voluntary basis without selection made on sleep complaints and renal function. PSGs were performed under naturalistic conditions, carried out by skilled sleep specialized technologists with only 2% of recordings being unusable. PSGs were recorded during the follow-up precluding examination of the relationships with baseline sleep complaints. However, the natural course of sleep disturbances is slow in the elderly [30] thus our small sub-sample with ambulatory PSG recording helped to further understand the underlying mechanisms involved in the relationships between sleep disturbances and eGFR decline.
Finally, despite extensive adjustments, the possibility remains that unmeasured factors such as inflammatory biomarkers may also be involved and confound associations.
CONCLUSION
The results of this large 11-year prospective study in the elderly showed that EDS, RLS and AHI constitute risk factors of renal function alteration at a very early stage of decline.
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